INTRODUCTION
Until now, most studies of N-and O-glycosylation in nematodes concentrated on the identification of immunogenic glycoconjugates of parasitic nematodes. Indeed, it has been suggested that most parasite antigens are either excreted-secreted (ES antigens) or surface glycans with unique structures [1] . Systematic sequencing of glycans isolated from parasitic nematodes demonstrated that these organisms synthesize a wide variety of Nglycans presenting unusual substitutions. They include phosphocholine-and chito-oligomer-substituted glycans in filarial nematodes [2] , -tyvelose capped glycans in Trichinella spiralis [3] or highly fucosylated chitobiose core structures in Haemonchus contortus [4] .
The only O-linked mucin-type glycans described in nematodes so far were isolated from the Toxocara excretory-secretory (TES) product released by the infective larval stage of Toxocara canis and T. cati [5] . The two major structures were trisaccharidic Oglycans characterized by the presence of 2-O-methyl-fucose (2-OMe-Fuc) and 4-O-methyl-galactose.
The free-living nematode Caenorhabditis elegans has been recognized as a good model for the study of the role of glycans in eukaryotes as well as a prototypic model for parasitic nematodes because of the detailed information available on its genome, development and physiology. So far, only glycolipid-were characterized by the type-1 core substituted on Gal and\or GalNAc by ( β1-4)Glc and ( β1-6)Glc residues. Another compound exhibited the GalNAc( β1-4)N-acetylglucosaminitol sequence in the terminal position, to which was attached a tetramer of β-Gal substituted by both Fuc and 2-O-methyl-fucose residues. Our experimental procedure led also to the isolation of glycosaminoglycan-like components and oligomannosyl-type Nglycans. In particular, the data confirmed that C. elegans synthesizes the ubiquitous linker sequence GlcA( β1-3)Gal( β1-3)Gal( β1-4)Xyl.
Key words : glycosaminoglycan, mass spectrometry, NMR. [6, 7] and glycosaminoglycan (GAG)-type structures have received proper attention. In particular, the presence of large amounts of unsulphated chondroitin and minute amounts of heparan sulphate-type GAGs have been identified in C. elegans [8, 9] .
No detailed structures of either O-or N-linked oligosaccharides isolated from C. elegans have been published. However, the identification of three genes (Gly-12, -13 and -14) homologous to mammalian N-acetylglucosamine : α-3--mannoside β-1,2-Nacetylglucosaminyltransferase (GnT1) suggests the presence of N-linked oligosaccharides in C. elegans [10] . Gly-12 and Gly-14 were shown to encode active glycosyltransferases, but only mutation of Gly-13 induced defects in embryogenesis, whereas Gly-12-and Gly-14-null mutants displayed wild-type phenotypes [11] . Similarly, C. elegans expresses a family of functional polypeptide N-acetylgalactosaminyltransferases (ppGaNTases), involved in the initiation of mucin-type O-glycosylation [12] . Inhibition of these ppGaNTases by antisense RNAs resulted in severe defects in embryonic development [13] . Thus, these data not only suggest the occurrence of O-linked glycans but also suggest that this type of glycosylation plays a critical role in the embryogenesis of C. elegans.
Also, in agreement with abundant N-and O-glycosylation in C. elegans, 30 different putative fucosyltransferase genes, including 24 α-2, five α-3 and one α-6 fucosyltransferase gene, have been identified in databanks ( [14] and R. Oriol, unpublished work). One of these, CEFT-1, has been cloned ; it can fucosylate unsialylated type 2 acceptors to generate the Le x antigen in itro, although C. elegans does not express such an antigen [15] . This example points out the difficulties of characterizing the exact activity of an isolated glycosyltransferase without any knowledge of its endogenous glycan substrate.
This work aimed to define the structure of major O-glycans synthesized by C. elegans, to give insight into the endogenous activity of glycosyltransferases cloned from this worm and to facilitate studies about their exact role during embryogenesis. Considering the extreme structural diversity of O-glycans, and the absence of real conserved motifs, the analysis of their detailed structure in a new model may be very complex. Thus, in this first study, we have worked on a total extract of a mixed-stage wildtype strain to obtain enough material for multiple NMR experiments. O-linked glycans were released from the C. elegans extract by a reductive alkaline treatment. Through the use of homoand heteronuclear NMR experiments, electrospray ionization MS (ESI-MS) and GC\MS analyses, we identified two families of unusual mucin-type O-glycans. Both families were characterized by the original presence of multiple β-Glc residues in nonreducing terminal positions. By analysing the GAG chains released by β-elimination, this study confirmed that C. elegans synthesizes the linker sequence GlcA( β1-3)Gal( β1-3)Gal( β1-4)Xyl-ol (where Xyl-ol is xylitol) that initiates the biosynthesis of most GAGs, except dermatan sulphate and hyaluronate. The identification of short chondroitin-type oligosaccharides with a GalNAc residue in the reductive terminal position also raised the possibility of GAG chains directly linked to the protein moieties through a GalNAc. The release of oligosaccharides in mild alkali also permitted us to isolate mannosyl-type N-glycans synthesized in large quantities by C. elegans.
EXPERIMENTAL

C. elegans cultures
C. elegans wild-type strain N2 Bristol was grown in either solid or liquid cultures. Solid cultures were achieved by growing the nematodes on NGM agar plates seeded with Escherichia coli OP50, a leaky uracil-requiring strain [16] . For yields of worms that are in the range of grams, C. elegans is conveniently grown in bulk by using E. coli strain NA22 as a food source [17] . Briefly, the bacteria were inoculated in 2 l flasks containing 500 ml of 3XD medium (10n5 g\l of Na # HPO % , 4n5 g\l of KH # PO % , 0n6 g\l of NH % Cl, 15 g\l of casein hydrolysate, 24 g\l of glycerol and 3 ml\l of 1 M MgSO % ) [18] , and incubated in an orbital shaker overnight at 37 mC and 250 rev.\min. The bacteria were harvested by spinning for 15 min at 4500 g in sterile 500 ml centrifuge bottles. The supernatant was discarded and the bacteria weighed.
The bacterial pellets were resuspended in 500 ml of S complete medium (5n9 g\l NaCl, 50 ml\l of 1 M potassium phosphate, pH 6n0, 5 mg\l cholesterol, 10 ml\l of 1 M potassium citrate, pH 6n0, 10 ml\l trace metals solution, 3 ml\l of 1 M CaCl # and 3 ml\l of 1 M MgSO % ) [19] at a final density of 30-50 g\l in 2 l flasks. Then, worms were washed off with sterile M9 buffer (6 g\l Na # HPO % , 3 g\l KH # PO % , 5 g\l NaCl and 0n25 g\l MgSO % :7H # O) [16] from fresh, uncontaminated solid cultures and inoculated to the bacteria.
The cultures were incubated in an orbital shaker at 20 mC and 200 rev.\min for several days until they were clear of bacteria and had ceased to grow. The cultures were collected and allowed to settle overnight at 4 mC into 500 ml glass cylinders. Most of the medium was then aspirated, and the worms were transferred to 50 ml Falcon tubes, pelleted by spinning for 5 min at 1000 g, and washed three times with 50 ml of M9 buffer. Then nematodes were harvested and decontaminated by sucrose floatation [17] . Briefly, the washed worms were resuspended in 50 ml Falcon tubes in 25 ml of ice-cold 0n1 M NaCl, and then 25 ml of ice-cold 60 % (w\w) sucrose was added and mixed by inversion. Quickly, the tubes were centrifuged at 1500 g for 10 min and the cap of floating nematodes was collected using a Pasteur pipette and distributed into two 15 ml pre-weighed Falcon tubes. The worms were washed three times with M9 buffer, weighed and stored at k80 mC. Freshly cleared cultures produced a yield of worms equal to about half the weight of the bacteria used [20] .
Some nematode strains used in this work were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health National Center for Research Resources (NCRR), Buenos Aires, Argentina.
Isolation of oligosaccharide-alditols
Freeze-dried C. elegans were ground and repeatedly delipidated by chloroform\methanol (2 : 1) extraction. The delipidated material was submitted to alkaline reductive degradation in 100 mM NaOH containing 1n0 M sodium borohydride at 37 mC for 72 h. The reaction was stopped by addition of Dowex 50i8 cationexchange resin (25-50 mesh, H + form) at 4 mC until pH 6n5, and after evaporation to dryness, boric acid was distilled as methyl ester in the presence of methanol. Total material was submitted to cation-exchange chromatography on a Dowex 50i2 column (200-400 mesh, H + form) to remove residual peptides and desalted on a Bio-Gel P2 column (Bio-Rad). The oligosaccharide fraction was then purified from macromolecular material on a Bio-Gel P6 column (Bio-Rad).
Fractionation of oligosaccharide-alditols
Compounds were fractionated by HPLC on a primary aminebonded silica column (Supelcosyl, LC-NH # , 4n6i250 mm ; Supelco, Bellafonte, PA, U.S.A.) using a mixture of acetonitrile\30 mM KH # PO % \water (80 : 0 : 20-50 : 50 : 0 in 65 min) at a flow rate of 1 ml\min. Oligosaccharides were detected by UV spectroscopy at 206 nm using a variablewavelength detector (Spectra Monitor D, Milton Roy, Riviera Beach, FL, U.S.A.) connected to a Spectra-Physics Model 4100 computing integrator.
Matrix-assisted laser-desorption ionization-time-of-flight (MALDI-TOF) MS
The molecular mass of the oligosaccharides was measured by MALDI on a Vision 2000 time-of-flight instrument (Finnigan Mat) equipped with a 337 nm UV laser. Samples were dissolved in water at a concentration of 100 pmol\µl; 1 µl of the solution was mixed with an equal volume of the matrix solution on the target and then allowed to crystallize at room temperature. We used 2,5-dihydroxybenzoic acid (10 mg\ml ; dissolved in water\ methanol, 4 : 1, v\v) and 3-aminoquinoline for the neutral and acidic oligosaccharides, respectively.
ESI-MS
All MS measurements were carried out in positive-ion mode on a triple quadrupole instrument (Micromass, Altrincham, Cheshire, U.K.) fitted with an atmospheric pressure ionization electrospray source. A mixture of polypropylene glycol was used to calibrate the quadrupole mass spectrometer. The sample (2 µl), dissolved in methanol\water (50 : 50) and 1 % formic acid at a concentration of 10 pmol\µl, was infused using the nanoflow probe at 50 nl\min. Quadrupole was scanned from 600 to 1800 Da with a scan duration of 3 s and a scan delay of 0n1 s. The samples were sprayed using 1n4 kV needle voltage and the declustering (cone) was set at 70 V. For collision-induced dissociation (CID) experiments, the pressure of argon in the cell was set at 4i10 −$ mbar and the collision energy was set to values ranging from 40 to 75 eV.
NMR spectroscopy
The NMR experiments were performed on Bruker2 ASX400 and DMX600 spectrometers both equipped with a 5 mm "H\"$C mixed-probe head, operating in the pulse Fourier-transform mode controlled by an Aspect 3000 computer. Each oligosaccharide was dissolved in 400 µl of #H # O after three exchanges with #H # O at pH 7 (99n97 % atom #H, Euriso-top, CEA group, Gif-sur-Yvette, France) and intermediate lyophilizations. The oligosaccharides were analysed at 300 K. The chemical shifts (δ) were referenced to internal acetone (δ"H l 2n225 and δ"$C l 31n55 p.p.m. under the conditions used). Two-dimensional homonuclear [COSY90, single-relayed COSY and double-relayed COSY, TOCSY, rotating-frame Overhauser enhancement spectroscopy (ROESY)] and heteronuclear multiple quantum coherance (HMQC) experiments were performed by using standard Bruker2 pulse programs (cosy, cosyr1, cosyr2, mlevtp, roesyprsh and invbtp respectively). The main pulses and variable delays were optimized for each pulse program and sample.
Composition of monosaccharides
Monosaccharides were systematically analysed by GC\MS as three different derivatives : per-trimethylsilyl [21] , per-heptafluorobutyryl [22] and alditol-acetate derivatives. For alditolacetates analysis, oligosaccharide-alditols were hydrolysed in 4 M trifluoroacetic acid for 4 h at 100 mC. They were reduced with sodium borodeuterite in 0n05 M NH % OH for 4 h. Reduction was stopped by dropwise addition of acetic acid until pH 6 was reached and borate salts were co-distilled by repetitive evaporation in dry methanol. Per-acetylation was performed in acetic anhydride at 100 mC for 2 h.
Carboxyl reduction
Before methylation, GlcA-containing oligosaccharide-alditols were alternatively treated as follows. Compounds were incubated in a mixture of dry DMSO (100 µl) and iodomethane (100 µl) for 2 h to convert carboxylic acid groups into methyl esters. After lyophilization, methyl ester function was reduced in a solution of sodium borodeuterite in dry methanol for 12 h. Acetic acid was added to pH 6 and boric acid was removed as methyl borate by repetitive evaporation in methanol. Dried material was further purified by gel filtration on Sephadex G-10 (Pharmacia) and subjected to methylation analysis.
Methylation
Native oligosaccharide-alditols or carboxyl-reduced oligosaccharides were per-methylated according to Ciucanu and Kerek [23] . Briefly, compounds were incubated overnight in a suspension of 200 mg\ml NaOH in dry DMSO (100 µl) and iodomethane (100 µl). The methylated products were extracted in chloroform and washed with water. Lyophilized product was subjected to methanolysis in 500 µl of 0n5 M HCl in anhydrous methanol at 80 mC for 20 h. After drying, products were per-acetylated in 200 µl of acetic anhydride and 50 µl of pyridine overnight at room temperature. The reagents were evaporated, and the sample was dissolved in chloroform before analysis in GC\MS.
RESULTS
Purification
The purification scheme led to the isolation of 12 major fractions by normal-phase HPLC (Figure 1 ), containing 15 different oligosaccharides. Unlabelled peaks contained either mixtures that were too complex or compounds in quantities too small to be analysed exhaustively. Three fractions (fractions 6, 10 and 12) contained a mixture of two oligosaccharides that were then analysed as a blend. All these compounds were classified in three types, depending on their nature : compounds 2, 3, 4, 5, 6A, 6B and 7 appeared to be mucin-type O-glycans, compounds 1, 8, 12A and 12B were GAG-derived oligosaccharides and compounds 9, 10A, 10B and 11 were oligomannosyl-type N-glycans. Each one was analysed by NMR, and the chemical shifts of their constituent "H, and for some of them "$C, are given in Table 1 for mucin-type O-glycans, Table 2 for GAG-type oligosaccharides and Table 3 for N-glycans.
Mucin-type O-glycan analysis
The "H NMR spectrum of the oligosaccharide-alditols 2, 3, 4, 5, 6A, 6B and 7 were assigned using two-dimensional COSY, TOCSY and ROESY, and "H-detected "H-"$C HMQC experiments also allowed the assignment of the "$C chemical shifts for compounds 4, 5, 6A and 6B. After structural analysis, it appeared that oligosaccharide-alditols 2, 3, 4, 6A, 6B and 7 were part of a homologous family of O-glycans, whereas compound 5 presented largely distinct features. Thus, analysis of this last compound will be discussed separately at the end of this section. Based on the $J
H,H
coupling constant values, the three sugarspin systems of β-glucopyranose ( β-Glcp), β-glucopyranuronic acid and β-galactopyranose ( β-Galp) were identified in all five samples 2, 3, 4, 6 and 7. The N-acetylgalactosaminitol (GalNAcol) unit was identified owing to the assignment of its characteristic "H and "$C atom resonances, and the confirmation was given by GC\MS of the corresponding hexosaminitol acetate. The two-dimensional COSY spectrum of compound 4 ( Figure 2 ) clearly showed the presence of 3,6-di-substituted GalNAc-ol, as indicated by the significant downfield displacements of H-3 and H-6,6h at δ 4n073, 3n986 and 3n788 p.p.m. respectively. The absence of downfield glycosylation shifts for the ring protons of β-Glc and β-GlcA indicated that these two units were terminal. On the contrary, downfield displacements were observed for the H-2, H-3 and H-4 atom resonances of β-Gal. The H-5 resonance of β-Gal was assigned from the H-1,5 cross-peak in the ROESY spectrum ( Figure 3 ), and consequently found at δ 3n97 p.p.m. in the "H-"$C HMQC spectrum. Comparison of the "$C chemical shifts for β-Gal with literature values for β-methyl galactoside [24] identified the substitution position at C-3. In agreement with the significant deshielding of H-5 and the light shielding of C-5, a second substitution position was established at C-6. Finally, the H-5, H-6, C-5 and C-6 resonances of β-Gal were assigned by elimination after all the other "H and "$C resonances had been allocated.
The ROESY spectrum ( (iv) between Glc IIh H-1 and signal at δ 3n788 p.p.m. (GalNAcol H-6h). On the basis of the data obtained, it is concluded that compound 4 has the following structure :
Compound 2 showed a [M-H] − at m\z 721 in MALDI-TOF. In accordance with composition analysis, it suggested the presence of two hexose residues, one hexosaminitol residue and one hexuronic acid residue. Integration of signals from the twodimensional COSY spectrum of compound 2 confirmed that it was composed of one β-Glc, one β-Gal, one β-GlcA and one GalNAc-ol. Based on the set of its H-3, H-5 and H-6,6h atom resonances it was concluded that the GalNAc-ol unit is 3-linked. The H-2, H-3, H-4 and H-6,6h atom resonances of β-Gal were identical to those observed in compound 4, as well as the NMR parameters of terminal β-Glc and β-GlcA. Thus the NMR evidence permits us to write the structure of compound 2 as follows :
Compound 3 presented the same [M-H] − at m\z 721 as the latter compound. Based on the relayed COSY spectrum (Figure 2 ) as well as on the composition analysis, the oligosaccharide-alditol 3 was defined as a tetramer containing two β-Gal, one β-GlcA and one GalNAc-ol unit. The H-2, H-3 and H-4 atom resonances of the β-Gal II unit were observed at δ values that signify a 3-substitution with β-GlcA, whereas the corresponding signals of β-Gal IIh are characteristic of a terminal position. Resonance positions of the signals for GalNAc-ol H-3, H-6 and H-6h at δ 4n102, 3n977 and 3n793 p.p.m. respectively showed a 3,6-substitution. The ROESY spectrum showed contacts between (i) GlcA III H-1 and Gal II H-3 (strong), (ii) Gal II H-1 and GalNAc-ol H-3 and (iii) Gal IIh H-1 and GalNAc-ol H6, H6h. Therefore, compound 3 has the following structure :
From the MALDI-TOF analysis, fraction 6 was found to be composed of two compounds, 6A and 6B, containing respectively four hexose (Hex), one hexuronic acid (HexA) and one Nacetylhexosaminitol (HexNAc-ol ; [MjNa] + at m\z 1040) and four Hex and one HexNAc-ol ([MjNa] + at m\z 894). Based on the intensity of the H-1 signals and the $J H,H coupling constants, the three sugar-spin systems of β-Glc, β-Gal and β-GlcA were identified in the ratio 6 : 2 : 1. Moreover, two types of H-3, H-4 and H-6,6h signal related to the GalNAc-ol unit were clearly observed in the COSY90 spectrum. A ROESY experiment ( Figure 4) showed inter-residue cross-peaks between Gal II A H-1 and GalNAc-ol I A H-3 and Gal II B H-1 and GalNAc-ol I B H-3. Therefore, it is concluded that oligosaccharide-alditols 6A and 6B have the following compositions : three β-Glc, one β-Gal, one β-GlcA and one GalNAc-ol for 6A and three β-Glc, one β-Gal and one GalNAc-ol for 6B. From the NMR spectra, 3,6-and 3,4,6-substituted GalNAc-ol units were characterized. The TOCSY spectrum included signals at δ 4n077, δ 3n556, δ 3n89 and δ 3n78 p.p.m., easily assignable to the H-3, H-4, H-6 and H-6h resonances of the 3,6-disubstituted GalNAc-ol I A unit, whereas the signals at δ 4n194, δ 3n784, δ 4n05 and δ 3n86 p.p.m. could therefore be attributed to the H-3, H-4, H-6 and H-6h resonances of the 3,4,6-trisubstituted GalNAc-ol I B unit. The nature of the substitution of the Gal II A and II B units was deduced from 
GalNAc
the HMQC spectrum (Figure 4 ), which allowed us to distinguish the 3,4,6-trisubstituted β-Gal II A unit (C-3, C-4, C-6 observed at δ 82n59, δ 76n8 and δ 71n5 p.p.m. respectively) from the 6-mono-substituted β-Gal II B unit (C-3, C-4, C-6 observed at δ 73n16, δ 69n55 and δ 70n51 p.p.m. respectively). Similarly, the HMQC spectrum also confirmed the C-3, C-4 or C-6 substitu- 
tions of GalNAc-ol I A or I B . The assignment of the signals belonging to the six β-Glc units was performed on the ROESY spectrum by the observation of inter-residue cross-peaks between their respective, but not assigned, H-1 signals, and the perfectly assigned H-3, H-4, H-6 and H-6h resonances of Gal and GalNAc-ol units (Figure 4 ). Methylation analyses confirmed the presence of two different GalNAc-ol residues in this sample. As previously observed [25] , the methanolysis of methylated 3,6-disubstituted GalNAc-ol leads to the formation of 1,4,5-Me $ -3,6-anhydro-GalNAc(Me)-ol ( Figure 5) . Similarly, the 3,4,6-trisubstituted GalNAc-ol formed an 1,5-Me # -4-Ac-3,6-anhydro-GalNAc(Me)-ol. Both residues showed the ions at m\z 130 and 88, but were distinguished by the ions at m\z 216, 174 and 142 for the tri-methylated residue or the ions at m\z 244, 202 and 170 for the di-methylated residue. However, the same analysis only showed the presence of a single 6-O-substituted Gal residue belonging to compound 6B. The absence of the trisubstituted Gal residue was attributed to the stabilization effect of the GlcA residue on the glycosidic bond in the dimer GlcA( β1-3)Gal. A reduction of the carboxy group of the GlcA residue prior to the per-methylation and methanolysis permitted to liberate the trisubstituted Gal residue. Under these experimental conditions we could observe both mono-and trisubstituted Gal residues from both compounds (results not shown), as predicted by the On the basis of composition analysis and integration of "H NMR analysis, compound 7 is composed of one β-GlcNAc, one β-GlcA, one β-Gal and one GalNAc-ol residue. Chemical shifts of GalNAc-ol H-6 and H-6h, both observed at δ 3n64 p.p.m., and H-3 at 4n078 p.p.m. are indicative of a mono-substitution in C-3. The Gal II residue shows identical parameters to compound 2 and 3. The H-4 of GlcA III is deshielded to 3n728 p.p.m. compared with 3n51-3n52 p.p.m. in compounds 2, 3, 4 and 6A, suggesting that this residue is substituted by the β-GlcNAc residue in a (1-4) linkage. Thus, we propose the following structure for compound 7 :
Compound 5 presented features that were distinct from the six oligosaccharide-alditols analysed above. It showed pseudo-molecular ions [MjNa] + and [MjK] + at m\z 1566 and m\z 1582 on a MALDI-TOF analyser. In accordance with these data and composition analysis it was concluded that this compound constituted one GlcNAc-ol, one GalNAc, one Glc, three Gal, one Fuc and one O-Me-Fuc residue. The GalNAc residue was unambiguously distinguished from the GlcNAc-ol residue in GC\MS as an alditol-acetate derivative after a reduction with sodium borodeuterite. Indeed, in electronic-impact mode GlcNAc-ol residue showed two ions at m\z 144 and 145, attributed to CH # OCOCH $ -CHNH + COCH $ and CH # OCOCH $ -CHO + COCH $ fragments, respectively. In contrast, deuterated GalNAc-ol residue showed both fragments C#HHOCOCH $ -CHNH + COCH $ and CH # OCOCH $ -CHO + COCH $ at m\z 145. These data indicated that the non-deuterated GlcNAc-ol residue occurred in the reducing terminal position compared with the internal position of the GalNAc residue. The ROESY spectrum was performed with a mixing time of 400 ms and with mild presaturation during relaxation time to suppress the residual water signal. a methyl group in the C-2 position. These results were confirmed by "H NMR experiments.
The methylation results indicated that compound 5 contained terminal Gal and Glc residues, a 4-linked GlcNAc-ol, a 2,6-linked Gal and a 2,3,6-linked Gal. Fuc and 2-O-Me-Fuc residues were both observed as permethyl-Fuc derivatives.
Fragmentation of the ion [MjNa] + at m\z 1566 in ESI-MS\MS showed a series of informative ions ( Figure 6 ). First, we observed an intense ion at m\z 1342 corresponding to the C ion [M-HexNAc-oljNa] + . This confirmed that the GlcNAc-ol residue in the terminal reducing position was mono-substituted. This is one of the only two fragments containing a Fuc residue that we identified, suggesting an important instability of the fucose- 
m.) of HMQC (A) and extension (4n8-3n2i4n85-4n35 p.p.m.) of ROESY (B) of a mixture of oligosaccharide-alditols 6A and 6B
The ROESY spectrum was performed with a mixing time of 300 ms.
noteworthy that we did not observe the equivalent fragment devoid of O-Me-Fuc, suggesting a greater stability of this residue compared with the Fuc residue. Ions at m\z 687, 669, 525, 507, 365 and 347 correspond to further fragmentation of ions 849 and 831. Taken together, these data suggest that the GalNAc linked to the GlcNAc-ol residue is disubstituted in C-3 and C-6 by a sequence containing four Hex, one Fuc and one 2-O-Me-Fuc residues on one branch and by the remaining Hex residue on the other.
Assignment of the "H and "$C resonances of the sugar residues and the alditol was made from COSY, two-step relayed COSY, HMQC and ROESY spectroscopy. The H-1 to H-6 resonances for β-Glcp and the H-1 to H-4 resonances for β-Galp and β-GalNAc residues were assigned by referring to the twostep relayed COSY spectrum. The H-5 resonances for β-Gal III, IV, V and VI were detected by ROESY at 3n813, 3n69, 3n866 and 3n705 p.p.m., respectively, suggesting that β-Gal units III and V are 6-linked. The relative low-field position of some "$C resonances (Figure 7 ), compared with their corresponding nonsubstituted monosaccharides, indicated the presence of Glc (VII), Gal (IV), Gal (VI), Fuc (VIII), 2-O-Me-Fuc (IX) in the terminal position of 2,6-linked Gal (V) and 2,3,6-linked Gal (III). The GalNAc( β1-4)GlcNAc-ol linkage gave rise to a strong nuclear Overhauser effect (NOE) signal between H-1 of GalNAc and H-4 of GlcNAc-ol (Table 4) . Other strong NOE connectivities were observed between H-1 of Gal (V) and Gal (VI) and signals at 4n058 and 4n088 p.p.m., which were assigned as the H-6 resonances of Gal (III) and Gal (V). The exact location of Fuc VIII on Gal II was unambiguously established according to the successive NOE contacts observed between Fuc VIII H-1 and Gal III H-2, and between Gal III H-1 and GalNAc II H-3 (Table  4) . Then 2-O-Me-Fuc IX was located on the remaining C-2 of the 2,6-disubstituted Gal V, which was confirmed by the NOE contact between 2-O-Me-Fuc IX H-1 and Gal V H-2. The resonances which remained to be assigned [namely C-5 of GalNAc (II) and GlcNAc-ol (I) as well as C-6 of GlcNAc-ol (I), Gal (IV) and Gal (VI)] were detected on the HMQC spectrum by comparison with "$C NMR chemical shifts of monosaccharides Each experiment is an accumulation of 48 scans, and recorded in the phase-sensitive mode using states-TPPI (time-proportional phase incrementation) method.
Table 4 Summary of inter-residue contacts observed in homonuclear ROESY experiment for the oligosaccharide-alditol, compound 5
Inter-residue NOE connectivity [24] . Thus, on the basis of the above results, the structure of the compound 5 oligosaccharide may be represented as follows :
GAG-type oligosaccharide analysis
The second series of compounds (compounds 1, 8, 12A and 12B) is characterized by the presence of the dimer GalNAc( β1-4)GlcA.
From the MALDI-TOF analysis and the sugar ratio determination by routine GC\MS analysis, compound 8 was found to be composed of one GalNAc, one GlcA, two Gal and one Xylol residue. The "H NMR spectra led us to propose that this compound presented the following sequence : Indeed, the partial sequence GlcA( β1-3)Gal( β1-3)Gal( β1-4)Xylol was easily identified on the basis of the "H NMR parameters, owing to a compilation of previous data [26] . The presence of the additional terminal GalNAc( β1-4) unit was established on the basis of the $J vicinal coupling constants of the GalNAc unit and the deshielding of GlcA H-3 and H-4 atom resonances to δ 3n623 and δ 3n75 p.p.m. respectively, as shown on the COSY spectrum ( Figure 8 (Figure 9 ). The attachment of a GlcA residue to the GalNAc-ol unit in compounds 12A and 12B was proved by a ROESY experiment ( Figure 9) . Starting from the H-4 atom resonance of GlcA IV A and IV B of compounds The ROESY spectrum was performed with a mixing time of 400 ms and with mild presaturation during relaxation time to suppress the residual water signal.
12A and 12B, it was possible to assign the H-1 resonance of these two units. In a second step, a strong NOE effect was observed between these anomeric protons and both GalNAc III A and III B H-3, at δ 3n803 p.p.m. and 3n793 p.p.m. respectively. In addition, the ROESY spectrum led us to distinguish and to assign the H-4 resonances of the GalNAc III A and GalNAc III B units, and consequently to determine the precise chemical shifts of their anomeric protons. Owing to a HMQC experiment, the 4-Osubstitution of GlcA II A , II B and IV B was proved by the deshielding of their C-4 atom resonances to δ 80n88 p.p.m., compared with terminal GlcA IV A residue C-4 atom resonance at δ 73n29 p.p.m. Similarly, the C-3 atom resonances of GalNAc III A and III B were deshielded to δ 81n79 p.p.m. compared with the C-3 atom resonances of terminal GalNAc V B at δ 76n4 p.p.m. From these observations, the sequences of compounds 12A and 12B were established as follows :
As shown by the COSY90 spectrum, the terminal non-reducing GalNAc III unit of compound 1 possesses identical H-2, H-3 and H-4 atom resonances to the GalNAc V B unit of compound 12B. Similarly, the GlcA II protons show identical parameters to GlcA II A and II B of compounds 12A and 12B. Thus, we propose the following sequence for compound 1 :
N-glycan analysis
MALDI-TOF and composition analyses indicated that fractions 9, 10 and 11 contained Man, GlcNAc and GlcNAc-ol in the proportions 7 : 1 : 1, 8 : 1 : 1 and 9 : 1 : 1. From one-dimensional "H NMR analysis, the "H NMR parameters matched perfectly those of oligomannoside-type N-glycans [27] . In particular, fraction 9 contained a single Man-7 N-glycan, fraction 10 consisted of a mixture of two Man-8 N-glycans (compounds 10A and 10B) and fraction 11 contained a Man-9 N-glycan. Thus the structures of these compounds were established as follows :
DISCUSSION
In this study, we have fully sequenced seven major highly unusual mucin-type O-glycans. Six of them were part of a homologous family, synthesized in abundance by C. elegans. They presented either type-1 core Gal( β1-3)GalNAc or the newly described core type Gal( β1-6)[Gal( β1-3)]GalNAc. Five out of six were substituted with a GlcA unit and showed the trisaccharidic sequence GlcA( β1-3)Gal( β1-3)GalNAc. Most of these structures had ( β1-6)Glc and\or ( β1-4)Glc residues on the GalNAc and\or Gal residues. To our knowledge, these are the only glucose-containing mucin-type O-glycans ever described. Similarly, compound 6B represents the only example of a trisubstituted GalNAc-ol residue ever described. All these unusual features contribute to the uniqueness of the glycosylation of C. elegans. Indeed, this few structures suggest the expression in C. elegans of five novel glycosyltransferase activities : four β-glucosyltransferase activities and a N-acetylgalactosamine β-1,6-galactosyltransferase activity.
The last mucin-type O-glycan we described (compound 5) presented a GlcNAc-ol residue in the terminal position, which suggests that it would be linked to the protein moieties through a GlcNAc and not a GalNAc residue. O-glycosidically linked GlcNAc-bound oligosaccharides have already been described in glycoproteins from Trypanosoma cruzi [28] and act as sialic acid acceptors for the α-2,3-trans-sialidase [29, 30] . They present a simpler sequence than the one described in C. elegans, and are characterized by the oligomerization of β-Galf and β-Galp residues on the GlcNAc unit. Compound 5 was also characterized by the simultaneous presence of Fuc( β1-2) and 2-O-Me-Fuc( β1-2) residues, as well as a Glc( β1-6) residue. 2-O-Me-Fuc residues were identified previously in the major mucin-type O-glycans substituting the TES protein of the parasitic nematodes T. canis and T. cati [5] . However, the overall, complex structure of compound 5 shows no equivalence with any other known Oglycan.
Considering the large amounts of these O-glycans that we have purified (up to 500 µg each\10 g of dry worm), it is likely that C. elegans overexpresses highly O-glycosylated glycoproteins. Previous studies on the parasitic nematode T. canis showed that it overexpresses and secretes a surface-associated highly O-glycosylated mucin-type glycoprotein, TES 120 [1, 31] . A gene encoding a mucin-type glycoprotein, let-653 [32] , as well as typical mucin-type cysteine-rich domains [33] , have also been characterized in C. elegans, suggesting the occurrence of such glycoproteins. Moreover, preliminary results from the fractionation of the total components of C. elegans through isopycnic ultracentrifugation (results not shown) gave evidence for the presence of such components. They were characterized by a high density ( ρ 1n4 g:ml −" ), an electrophoretic mobility in agarose gel similar to purified mucins and a susceptibility to Toluidine Blue and periodic acid-Schiff reagents. Previous work showed that mutation of the let-653 gene in C. elegans resulted in larval death due to the dysfunction of the secretary\excretory apparatus [32] , confirming the importance of such mucin-type glycoproteins in C. elegans.
The fact that we have released four major N-linked glycans among O-glycans by mild alkali treatment is not surprising. Indeed, if it is accepted that the N-glycosidic linkages are more stable under mild alkali conditions than are the O-glycosidic linkages, studies have pointed out that such treatments lead also to a slow degradation of GlcNAc-asparagine linkages [34] and to the release of a low percentage of total intact N-glycans.
We have also described fragments of an unsulphated chondroitin-like GAG by NMR. This component, as well as a minute amount of heparan sulphate-type GAG, have been studied previously by enzymic degradation [8, 9] . We did not isolate any heparan sulphate-type GAG, probably due to the fact that the methodology we used only permits access to major components. However, the present study permitted us to isolate the tetrasaccharide GAG core substituted by a single GalNAc residue (compound 8), which was not achieved in previous work. This directly confirmed the presence of the ubiquitous GAG protein moiety linkage sequence GlcA( β1-3)Gal( β1-3)Gal( β1-4)Xyl in C. elegans. It is noteworthy that this compound does not seem to be the result of a chemical cleavage releasing the GAG chain from the core sequence. Indeed, to our knowledge, mild alkali degradation under reductive conditions cannot cleave the glycosidic bond in the GlcA( β1-3)GalNAc dimer by β-elimination reaction. Similarly, stability studies of chondroitin sulphate demonstrated that no desulphation of this compound occurred in 0n1 M NaOH at 30 mC over a period of 1000 h [35] . This suggests that the unsulphated pentasaccharide we have isolated is definitely not a degradation product, and is abundantly synthesized by C. elegans, either as a precursor for longer GAG chains or as a final product.
The exact origin of compounds 1, 12A and 12B is still unclear. A previous study has demonstrated the possibility of a very slow decomposition process of chondroitin sulphate chains under non-reducing mild alkali conditions (0n1 M NaOH, at 30 and 60 mC) through a β-elimination reaction, forming a 4-deoxy-α--threohex-4-enepyranosyluronic acid (∆HexA) at the non-reducing end of each newly formed chain [35] . To assess this possibility, we subjected a chondroitin sulphate to the reductive alkaline conditions that we used on C. elegans extract but failed to detect any degradation product or ∆HexA-containing compound (results not shown). Furthermore, it is noteworthy that we did not detect any ∆HexA-substituted chondroitin-like oligosaccharide in C. elegans. Therefore, compounds 1, 12A and 12B were the result of either the selective release of oligosaccharide fragments exclusively from the non-reducing end of an unsulphated chondroitin-like GAG, or the release by β-elimination directly from the peptide backbone of a glycoprotein. This last hypothesis does not exclude the existence of classical nonsulphated chondroitin chains.
Previous studies isolated mutations that perturbed the worm vulval invagination without affecting vulval cell lineage [36] . Out of the eight genes involved in this defect sq -3 and sq -8 respectively encode a galactosyltransferase and a glucuronyltransferase directly involved in the biosynthesis of the tetrasaccharide core GlcA( β1-3)Gal( β1-3)Gal( β1-4)Xyl [37] [38] [39] . Sqv-8 could also transfer GlcA to the Gal( β1-3)GalNAc-α-Obenzyl sequence, although this activity was 10-fold lower than that observed on a Gal( β1-3)Galβ-O-naphthalenemethanol. Considering the quantitative importance of the GlcA( β1-3)Gal( β1-3)GalNAc sequence in C. elegans, we believe that it is necessary to determine whether Sqv-8 is also involved in the biosynthesis of these mucin-type O-glycans. If it is involved, then inactivating mutations of sq -8 would lead to the synthesis of truncated homologues of the mucin-type O-glycans we have observed in the present study. In this last case, modifications in the synthesis of these compounds might also be involved in the abnormal phenotypes observed in sq mutants.
By defining major oligosaccharide structures expressed by C. elegans, our studies reported here should facilitate research concerning the specificity of glycosyltransferases in this organism and the role of glycosylation during development in multicellular organisms. Only knowledge of the C. elegans oligosaccharides will permit us to design proper substrates to assess the endogenous specificity of each glycosyltransferase cloned, especially in the case of unusual activities such as the ones observed in C. elegans. Similarly, comparison of stage-specific O-glycosylation patterns will be useful. Then, compilation of detailed data obtained from C. elegans development and specific-stage glycosyltransferase activities will offer the unique possibility in a multicellular organism to follow the synthesis of glycans throughout its entire embryogenesis.
